To further extent our understanding of aquatic vision, we introduce a complete optical model of a goldfish eye, which comprises all important optical parameters for the first time. Especially a spherical gradient index structure for the crystalline lens was included, thus allowing a detailed analysis of image quality, regarding spot size, and wavelength dependent aberration. The simulation results show, that our realistic eye model generates a sufficient image quality, with a spot radius of 4.9 μm which is below the inter cone distance of 5.5 μm. Furthermore, we optically simulate potential mechanical processes of accommodation and compare the results with contradictory findings of previous experimental studies. The quantitative simulation of the accommodation capacity shows that the depth of field is strongly dependent on the resting position and becomes significantly smaller when shorter resting positions are assumed. That means, to enable an extended depth perception with high acuity for the goldfish an adaptive, lens shifting mechanism would be required. In addition, our model allows a clear prediction of the expected axial lens-shift, which is necessary to ensure a sufficient resolution over a large object range.
Introduction
Aquatic vertebrates have a rigid, spherical lens to compensate the refractive loss of the cornea in underwater conditions. Therefore, they need to implement other accommodation strategies than terrestrial animals. This mechanism has been qualitatively investigated for teleost fish. One of the first studies was conducted by Beer (1894) . He investigated the accommodation mechanism of many different teleost species by retinoscopy after electrical stimulation or administration of medication. He found that most teleosts have a slightly myopic refractive state. His investigations have also shown that the accommodation is not caused by a change of the lens curvature, as in many terrestrial vertebrates, but by a lens shift. Beer was able to prove negative accommodation in the majority of teleost species that he studied. This means that the unaccommodated eye focuses on near objects. In order to resolve distance object, the optical system is actively adapted by moving the lens toward the retina.
His results were later confirmed by several experimental studies (Fernald, 1991; Kimura & Tamura, 1966; Sivak, 1973; Walls, 1963) .
One of the investigated teleost species was the goldfish, for which different experimental studies on their accommodation capabilities show inconsistent conclusions. For example, Somiya and Tamura (1973) investigated the lens shift of the enucleated eye of the goldfish on the basis of photographs before and after electrical stimulation. They noticed a slight lens movement toward the retina. However, the exact distance could not be determined and a nasal-temporal displacement could not be observed. Also, Sivak (1973) observed an accommodation by means of retinoscopy and additional photographic control measurements after administration of atropine and pilocarpine. In contrast, the study of Kimura and Tamura (1966) found no lens shift by means of photographs after electrical stimulation of enucleated eyes. Also, Charman and Tucker (1973) could not confirm any accommodation mechanism by means of slit lamp examination and retinoscopy. They assumed that the eye's depth of field is sufficient and, thus, no accommodative movement of the lens is necessary. In addition, Frech (2009) and Frech, Vogtsberger, and Neumeyer (2012) investigated the refractive state of a single goldfish using infrared photoretinoscopy in a training experiment. They presented objects at various distances from 10 to 40 cm and could not detect any variation in refractive power. Furthermore, contradictory to Beer's assumption that teleosts are myopic in the unaccommodated state, the experiment suggested that the goldfish eye may be hyperopic in a relaxed state of accommodation.
From the evaluation of the aforementioned studies, there is no clear evidence as to whether the goldfish eye accommodates or has a sufficient depth of field. The various results may be due to the use of very diverse experimental methods which, for the most part, do not reflect the natural behavior of goldfish. For most experiments, the lens movement was artificially induced by electrical stimulation or medication and was performed on an enucleated eye. Additionally, Fernald (1991) and Frech et al. (2012) themselves express uncertainty about the applicability of retinoscopy to investigate the refractive power of the goldfish eye because the precise source of the retinal reflection is not known. Should the reflecting layer and the focal plane not coincide, this would lead to a systematic absolute error. Some studies have shown that the goldfish is physiologically able to move the lens, but it is not clear, whether it uses this ability for accommodation (Somiya & Tamura, 1973; Sivak, 1973) .
Currently, no quantitative investigations of the accommodation behavior based on optical simulation have been done, which results in an incomplete theoretical understanding of the vision of the goldfish eye, like the necessity of accommodation. To overcome this lack of investigation, we designed a realistic eye model that considered the geometric optic parameters, the refractive gradient index (GRIN) of the lens, the retinal specification, and the resting position. The individual components are widely known. A simplified model was already established by Charman and Tucker (1973) based on experimental measurement data. Their schematic model is emmetropic; it assumes the cornea as a single surface and contains a homogeneous lens with an index of 1.69. There are also studies on the GRIN profile of the lens (Axelrod, Lerner, & Sands, 1988; Jagger, 1992) and on the structure of the retina (Marc & Sperling, 1976; Neumeyer, 2003) . To the best of our knowledge, an optical model which combines all components and thus enables a quantitative investigation of the optical quality and the consequence on accommodation mechanism, does not exist.
Methods
This chapter describes our strategy to develop a comprehensive model of the goldfish eye. The databases of the initial parameters and the optimization procedure are discussed. The framework of investigating the resulting image quality and the consequences on the accommodation mechanism are presented in detail.
Developing an optical goldfish eye model
To estimate the geometric optical parameters, the measurements of Charman and Tucker (1973) were used, enabling the development of an initial simulation model. Furthermore, our model takes into account that the goldfish in nature has a spherical gradient index lens, with a refractive index continuously and parabolically decreasing from the core to the cortex (Matthiessen, 1880) . The GRIN distribution is based on the improved Matthiessen polynomial of Jagger (1992) . For the cortical refractive index n ( ) ctx , a range between 1.37 and 1.38, and for the core n ( ) core , between 1.51 and 1.52, was used as a starting point (Jagger, 1992; Matthiessen, 1882) .
In order to evaluate the resolution capability of the goldfish eye, studies about the retina properties were considered. According to the summary of Palacios, Varelab, Srivastavaa, and Goldsmith (1998) , the goldfish retina contains four cone types with a corresponding spectral sensitivity of about 625 nm (L-cone), 535 nm (M-cone), 455 nm (Scone), and 350 nm (UV-cone). The relative number of the L-, M-and Scones are 0.45, 0.35, and 0.20, and UV-cones are rare (Marc & Sperling, 1976) . Regarding visual acuity, the L-, M-and S-cone types have approximately the same contribution (Neumeyer, 2003) . The contribution of the UV-cones is unknown and due to their small number, they will be not considered for the resolution criterion. The simulation was started with the medium wavelength of 535 nm. Additionally, we assume that the resolution of the goldfish eye is limited by the average cone density (Neumeyer, 2003) . The mean inter cone distance is approximately 11 μm corresponding to a resolution of 13.5' (Marc & Sperling, 1976; Neumeyer, 2003) .
To complete our initial eye model, further details to the cornea, pupil, and the resting position are required. For these components, no specific values are available for the goldfish eye. Therefore, values of other fish and vertebrates were consulted and various assumptions were made.
First, we assumed that the front and the back surfaces of the cornea have nearly the same radius of curvature (Beer, 1894; Hughes, 1977) and the refractive index of the cornea is 1.376, as in various other vertebrates (Hughes, 1977) .
Furthermore, we expect that the pupil is located approximately halfway between lens anterior vertex and equator, adapted from research on the rainbow trout (Jagger & Sands, 1996) .
In conclusion, based on Beer's research (1984), we assumed that the goldfish has a negative accommodation mechanism and thus its eye focus on near objects at the resting position. Beer's research is consistent with Fernald (1991) indicating the poor underwater visibility caused by scattering and turbidity and stating the unlikeliness of the teleosts ability to see clearly in the distance at the unaccommodated state.
The exact visual range of the goldfish is still not known. Experimental results carried out by Neumeyer (2003) targeting the visual acuity in goldfish uses an object distance of 30 mm. Therefore, one can assume that goldfish can see clearly at this distance. Thus, we used this visual distance as the smallest possible resting position. Consequently, the resting position can be seen as the object distance for which the goldfish focuses without accommodation and will be used for adjusting the eye model.
A schematic representation of the goldfish eye is shown in Fig. 1 . The illustration contains all relevant optical components: the cornea; the anterior chamber with the aqueous humor; the iris as aperture; the spherical lens, which is responsible for the main refractive power to focus light onto the retina; the vitreous body as stabilizer; and the retina with the receptor cells as imaging layer.
To simulate and optimize our eye model, we used the raytracing software Optic Studio, which allows the performance evaluation of the eye model by a geometric optical approach. For the simulations, the initial eye model was optimized regarding the constraint values based on the geometrical data basis and the GRIN distribution of the improved Vision Research 154 (2019) 115-121 resolution. The resolution capability was evaluated by investigating the spot diagrams. The root-mean-square radius (RMS radius) of the spot must be smaller than the permissible cone radius of 5.5 μm. All simulations were initially performed for the mean wavelength of 535 nm, a pupil diameter of 1.8 mm, and for object distance of 30 mm. To simulate the spherical GRIN lens, a polynomial expansion for the varying refractive index distribution was used (Oslo, 2016 ):
(1)
The formula describes the index profile of the three-dimensional spherical lens model consisting of spherical shells arranged around the center of the lens. The coordinate system origin is located at the front lens vertex. R is the radius of curvature of the spherical lens in mm measured at the vertex; r is composed of the radial coordinates x y , , and z within the lens; n ctx is the refractive index at the cortex; and A B C , , , and D are coefficients for adjusting the refractive index profile. (OpticStudio, 2016) .
Due to the lack of a common definition about the focus distance in the unaccommodated state, our eye model was optimized for different near-point positions. When changing the resting position, the initial model must be adapted. For this, the lens radius of curvature, the depth of the vitreous body, the anterior chamber depth, the focal length, and the GRIN coefficients are variably set within the given limits and further optimization occurs. The different eye models are denoted in the following with Model_Rx, where x stands for the distance of the respective unaccommodated position in mm (e.g., Model_R30 for a resting position of 30 mm).
Simulation and investigation of the consequence on accommodation mechanism
To get a first impression on the image quality dependency from the object distance, the RMS radius change of each eye model was evaluated with respect to the object distance enlargement while the eye model remained unchanged. Subsequently, the depth of field was determinable for each model as the anterior and posterior range δ δ ( and ) ant post in which the spot size remains below the resolution criteria of 5.5 μm ′ ≈ z (1/2 cone radius). This is illustrated in Fig. 2 . Starting from the resting position a ( ) 0 , the object (y) was moved forwards a ( ) ant or backwards a ( ) post until the resolution limit ′ z ( ) was reached.
Beyond this range, it is assumed that an object can no longer be resolved. Hence, to extend the visual range, an accommodation mechanism, like refocus by shifting the lens along the optical axis towards the retina, would be required. In that case, the necessary amount of lens movement was determined by optimizing only the anterior chamber depth and adjusting the vitreous body length so that the total length remains unchanged.
To investigate whether other wavelengths have an influence on the depth of field, the eye model was also adjusted for 455 nm (S-cone) and 625 nm (L-cone). Since our GRIN lens neglects all dispersion effects, the refractive index was adjusted with respect to the used wavelength. For that purpose, the experimentally observed chromatic focal length differences of approximately 5% for the goldfish were used (Kreuzer & Sivak, 1985; Sivak & Bobier, 1978) . Since no data for the dispersion and Abbe numbers are available for the goldfish eye, we used the research results from Jagger (1992) for our simulations. He assumed an Abbe number for the fish lens of 50 and 38 for the cortex n ( : 1.38) ctx and the core n ( : 1.52) core , respectively, on the basis of the focal length differences of the rainbow trout and the dispersion data of a cat's eye.
Results
This section presents the resulting eye model with the obtained parameters, the simulation results for image quality, and the consequence on accommodation behavior.
Optical eye model
The previously discussed geometrical and optical constraints and assumptions result in a comprehensive goldfish eye model. The parameters for the adjusted model for a wavelength of 535 nm, an aperture diameter of 1.8 mm (Charman & Tucker, 1973; Jagger, 1992) , and an exemplary resting position of 30 mm are shown in Table 1 .
Furthermore, the pupil is located 0.419 mm behind the lens anterior surface d ( ) p . The comprehensive eye model has a total length of 4.289 mm and a focal length (FL) of 2.748 mm. The Matthiessen ratio (distance from centre of lens to retina/ lens radius of curvature) (Shand, Døving, & Collin, 1999 ) is 2.55 times the radius (R). In order to model the index distribution of the GRIN lens, the improved Matthiessen polynomial approach from Jagger was approximated by the polynomial function given in Eq. 1. From the optimization, the best results were found for a cortex index of 1.369, a core index of 1.536 and the coefficients − A: 0.3804, − B: 0.3255, − C: 0.1498, and − D: 0.0385. The GRIN distribution corresponds well with the improved Matthiessen polynomial from Jagger (1992) .
The comprehensive optimized Model_R30 is shown in Fig. 3A with the ray paths for the incident angles 0, 1, 3, and 5°. In addition, the major distances are shown: corneal thickness Fig. 3B were analyzed.
The spot diagrams show that the goldfish reaches a sufficiently good resolution. Even up to 3.3°incident angle the RMS radius is smaller than the permissible RMS radius of 5.5 μm (cone radius). On axis, the RMS radius is 4.83 μm, resulting in a theoretical resolution of 11.54', and thus providing a sufficient image quality.
As another example, the modified lens radius of curvature for Model_R50 is 1.175 mm, the anterior chamber depth is also 0.25 mm, The model achieves an RMS radius of 1.31 μm, resulting in a theoretical resolution of 3.09'. The resolution is for an incident angle over 10°s maller than the inter cone distance.
For the representative described Model_R30 and Model_R50, all geometric parameters are within the given measuring ranges of Charman and Tucker (1973) .
The refractive index of the core (1.536) and the cortex (1.369) are close to the values of Jagger (1992) and Matthiessen (1882) and within the measurement range of Axelrod et al. (1988) . The pupil is located 0.42 mm behind the lens vertex, which corresponds with the data of (Jagger & Sands, 1996) that the pupil of the rainbow trout lies halfway between lens anterior vertex and equator.
Additionally, the GRIN distribution of the lens is comparable with the parabolic profile of the improved Matthiessen polynomial by Jagger (1992) . The Model_R30 achieves with 11.54' a lower resolution than Jagger's single lens in medium, which reached a resolution of 2'. However, the spot radius is well below the average cone radius. The lower resolution compared to Jagger may be due to his simplified approach of considering only a single lens in medium and not the entire eye. In addition the object distance of the two models differs considerably. Jagger's model is adapted for an infinity object distance and our model for an distance of 30 mm. For Model_R50 the resolution could be improved to 3.09'.
The optimization of the comprehensive eye model for other cases of resting positions resulted in slightly different values for geometrical parameters, as shown for Model_R50. All models provided also a sufficient image quality and are within the expected range of the literature values. In general, the results suggest that the models are suitable for further investigation.
Consequences on accommodation behavior
With the simulated eye model, we investigated how the image quality behaves for different object distances while the optical system remains unchanged. Fig. 4 shows the corresponding spot diagrams for the distances 30, 50, 100, and 400 mm for Model_R30 (A) and Model_R50 (B). Even small changes of the object distance result in a considerable increase of the RMS radius. For Model_R30, a small displacement from 30 to 50 mm leads to an RMS radius increase of 15.68 μm. As a consequence, the depth of field for Model_R30 only reaches from 29.4 to 33.6 mm. For Model_R50, a displacement from 50 to 100 mm leads to an increase of 15.92 mm. Increasing the focus distance for the resting position to 50 mm extends the depth of field slightly to a range of 43.4-59.8 mm. For both models, an accommodation by lens movement would be necessary to image distant objects within the resolution criteria. For small resting positions, the depth of field is very limited and an accommodation has to be made to resolve distant objects. An enlargement of the resting position results in an increasing depth of field range. From a resting position of 250 mm, a large object distance (147.5-1043 mm) can be imaged sufficiently on the retina. However, objects closer than 147.5 mm cannot be seen with the maximum resolution capability. Hence, should the goldfish be able to well resolve closer objects, the eye must have a shorter resting position and a corresponding adjustment mechanism. With increasing object distance, the image quality decreases, since the focus shifts towards the lens resulting in a blurry spot on the retina and an enlargement of the spot diameter. This is illustrated in the spot diagrams in Fig. 6A and the corresponding ray paths for the Model_R30. There an object point located at a distance of 300 mm imaged in front of the retina. By a lens shift, this focus drift could be compensated and the image would again be located at the retina, as depicted in Fig. 6B . Hence, in this case, the image quality for far distances could be clearly improved by accommodation.
Therefore, in the next step, we determined the necessary lens movement to accommodate and extend the imaging field range. The results for the Model_R30 and the Model_R50 are illustrated in Fig. 7 . There, both curves steeply increase at the beginning and flatten for far object distances. In addition, it becomes clear that the amount of the lens shift depends on the resting position. For Model_R30, the necessary lens shift to image objects at a distance of 50 mm is already 92 μm. The total lens shift for resolving objects from 30 mm to over 350 mm is 209 μm. From the object distance of approximately 350 mm, the depth of field is sufficiently extended to see objects from over 10 m clearly, and no additional accommodation is required (see Fig. 5 ). For Model_R50, a lens movement of about 131 μm is sufficient.
According to the literature, lens movements from 150 μm could be measured for different teleosts (Somiya & Tamura, 1973) . However, for the goldfish only a small shift was observed, without being able to measure the amount. Therefore, it is possible that the goldfish eye has a greater resting position than 30 mm. The further the resting position is, the smaller the necessary lens movement is (see Fig. 7 ). For example, it is possible that the lens shift of 131 μm which was determined for Model_R50 was outside the measuring range of Somiya and Tamura (1973) .
In the last step, the influence of all three wavelengths on the depth of field was considered. The refractive indices and GRIN parameters resulting from the adjustment are presented in Table 3 . Thus, a focal length difference of 5.4% and an Abbe number of approximately 50 for the cortex and 39 for the core could be achieved. The values correspond well with the assumptions made in the literature (Jagger, 1992; Kreuzer & Sivak, 1985; Sivak & Bobier, 1978) .
As shown in Fig. 8 for the blue wavelength (455 nm) an RMS radius of 4.47 μm can be achieved which is in the range of the inter cone distance. The depth of field for the blue wavelength ranges from 27.0 to 31.0 mm. For the red wavelength the RMS radius (10.96 μm) is greater than the inter cone distance. The slightly poorer image quality for red results from the choice of the refractive indices. By using a lower index for the cortex and a higher index for the core a better image quality for green and thus a better image quality for red can be achieved. For our model we have tried to consider the specifications of Jagger (1992) and Matthiessen (1882) as well. For Model_R50 the image quality for red and blue is approximately the same. For all models, the consideration of all three wavelength does not lead to a significant enlargement of the depth of field.
Conclusion
Since it is difficult to investigate the accommodation behavior of the goldfish eye experimentally, in this work, a comprehensive eye model that allowed a quantitative analysis of the image quality and the consequence on accommodation was simulated. The simulated goldfish eye model includes all relevant specifications from previous experimental investigations: the optical geometrical parameters (Charman & Tucker, 1973) , the gradient index distribution of the spherical lens (Jagger, 1992) , the myopic resting position (Beer, 1894; Fernald, 1991) , and the retina specifications (Marc & Sperling, 1976; Neumeyer, 2003) . With the adjusted eye model, a sufficient image quality can be achieved, the resulting RMS radius of approximately 4.83 μm is below the cone radius of 5.5 μm. The good image quality and the correspondence of the individual parameters with the experimentally determined values from the literature justified the conclusion that the created goldfish eye model is suitable for further simulations.
The simulation results provided new knowledge regarding aquatic vision, especially accommodation behavior and depth of field. The investigations show, that without an adaptive mechanism the effective focus range of the goldfish eye is limited depending on the resting position. The smaller the resting position is, the lower is the depth of field range. This results in a very low depth of field range (29.4-33.6 mm) especially for the assumed short resting position of 30 mm. Should the depth of field of the eye be sufficient to focus objects in a large distance range, as assumed by Charman and Tucker (1973) according to our model a more distant resting position is probable. For example, with a resting position of 250 mm a depth of field ranging from 148 mm to more than 1 m can be well resolved. Since the goldfish in Neumeyer's (2003) training experiment achieved a visual resolution of approximately 15' (corresponds to a 6.2 μm spot radius) for an object distance of approximately 6 mm, it can be assumed that the near point of the goldfish is located close to the eye. In this case, the depth of field would be very limited and a lens shifting accommodation mechanism would be highly advantageous. Furthermore, the simulation results allow a clear quantitative prediction of the expected axial lens-shift, which is necessary to ensure a resolution smaller than the inter cone distance over an extended depth of field. The results of the determination of the depth of field and the potential lens shift can directly be used for the preparation of experimental verifications and validations. Vision Research 154 (2019) 115-121 
